The function and clinical implication of ArfGAP with SH3 domain, ankyrin repeat, and PH domain 3 (ASAP3) in colorectal cancer (CRC) remains undefined. In the present study, we showed that the expression level of ASAP3 was dramatically increased in CRC and its upregulation was associated with American Joint Committee on Cancer stage (P < 0.001) and poor prognosis (P = 0.0022). The combination of stage and ASAP3 expression improved the prediction of survival in CRC patients. Suppression of ASAP3 inhibited cell proliferation by inducing G 1 phase arrest without influencing apoptosis. ASAP3 promoted growth of colon tumors in mice with colitis, and accelerated cell invasion and migration in vitro. Increased ASAP3 was associated with activation of the nuclear factor-jB (NF-jB) canonical pathway in CRC. Upregulation of ASAP3 increased the phosphorylation and nuclear translocation of the p65 NF-jB subunit. Mechanistically, ASAP3 interacts with NF-jB essential modulator (NEMO) and could reduce the polyubiquitinylation of NEMO. Overall, ASAP3 might regulate NF-jB via binding to NEMO. ASAP3 acts as an oncogene in colonic cancer and could be a potential biomarker of colon carcinogenesis.
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C olorectal cancer (CRC) is a leading cause of morbidity and mortality worldwide.
(1) Unfortunately, some newly discovered CRC patients are diagnosed at an advanced stage with poor prognosis. (2) Metastasis also contributes to the high mortality of CRC patients. Despite great efforts being made to improve treatment strategies, there is an urgent need to identify targets that would be beneficial for CRC diagnosis and treatment. Accumulated evidence indicates that a diversity of genetic/epigenetic pathways facilitate cancer incidence, (3) and there is a growing awareness that nuclear factor-jB (NF-jB) is constitutively activated in CRC, (4, 5) playing a tumorpromoting role by increasing cell proliferation and inducing metastasis. (6, 7) The NF-jB family comprises five members: RelA, RelB, c-Rel, p50/p105, and p52/p100. (8) Nuclear factor-jB can be activated in two distinct ways, named the canonical and noncanonical pathways. The canonical pathway demands activation by the RelA/p50 dimer, and various stimuli can activate the IjB kinase (IKK) complex, which comprises the catalytic subunits IKKa and IKKb, and the regulatory subunit NF-jB essential modulator (ΙΚΚc/ΝΕΜΟ). Then IKK phosphorylates IjB to induce ubiquitin-dependent degradation of IjBs, allowing translocation of NF-jB into the nucleus, resulting in the altered expressions of NF-jB downstream genes. (9, 10) The noncanonical pathway causes activation of RelB/p52 dimers, which is independent of ΙΚΚb and ΙΚΚc. Given the crucial role of NF-jB in CRC development and progression, many studies have sought NF-jB inhibitors to block cancer development. (11) However, few NF-jB inhibitors have been applied to CRC, and more research is needed to discover an inhibitor that can prevent NF-jB activation without unanticipated adverse effects.
ArfGAP with SH3 domain, ankyrin repeat, and PH domain 3 (ASAP3) is a specific ARF6 GTPase-activating protein (GAP), also termed DDEFL1 and ACAP4, which comprises ArfGAP and ankyrin repeat (ANK) domains in the C-terminus and BAR and PH domains in the N-terminus. (12, 13) Several studies have reported that ASAP3 promotes metastasis of multiple cancers, (14) (15) (16) (17) however, the expression pattern and biological function of ASAP3 in CRC remain poorly understood. The present study aimed to identify the potential biological role of ASAP3 in CRC. First, ASAP3 expression profiles were examined in colorectal tumors and matched adjacent tissues. Second, we observed that upregulation of ASAP3 was related to poor survival of patients with CRC. Bioinformatic analyses identified that the NF-jB canonical pathway had the strongest association with ASAP3 expression. ASAP3 could promote the activation of NF-jB, thereby playing a functional role in CRC by altering the expressions of NF-jB downstream genes. An Asap3 knockout mouse model was applied to verify the role of ASAP3 in vivo.
Materials and Methods
Patient specimens. Human CRC tissue samples and corresponding adjacent specimens were obtained from patients who underwent surgery at the Shanghai Renji Hospital (Shanghai, China) from January 2009 to December 2009. A total of 90 pathologically confirmed CRC patients were enrolled. The study was approved by the ethics committee of Shanghai Jiao Tong University, School of Medicine (Shanghai, China), and written informed consent was obtained from all patients at study entry. The Cancer Genome Atlas (TCGA) RNA-Seq data was downloaded from the TCGA website (https://cancerge nome.nih.gov/), which was collected and used following strict human subject protection guidelines, and with informed consent.
RNA extraction, RT-PCR, and quantitative real-time PCR. Total RNA was extracted from cultured cells using TRIzol reagent (Takara, Shiga, Japan) according to the manufacturer's instructions. Total RNA (1 lg) was reverse-transcribed using a PrimeScript RT-PCR Kit (Takara). The transcript level of the gene was quantified by real-time PCR using a SYBR Premix ExTaq kit and was normalized to the expression of GAPDH. The change in cycle threshold method (2 ÀΔΔCt ) was used to calculate relative changes in expression. The sequences of the primers are provided in Table S1 .
Mice. C57BL/6 mice were obtained from the Experimental Animal Centre of Shanghai Institutes for Biological Sciences (Shanghai, China). Asap3 WT and KO littermates were required on a C57BL/6 9 129SV mixed background. The resultant Asap3 loxP/loxP mice were then crossed with UBC-cre/ ERT2 mice, and Asap3 À/À mice were generated by sequential peritoneal injection of tamoxifen for 7 days into adult offspring. Colon carcinoma was induced by treating the mice with azoxymethane (AOM) and dextran sulfate sodium (DSS). Sixto 8-week-old mice (Asap3 +/+ mice and Asap3 À/À mice) were injected i.p. with AOM. The DSS solution was replaced with autoclaved water after 5 days. The DSS solution was given again at day 24 and day 53. Tumor development was evaluated at day 85. Animal procedures were approved by the Institutional Animal Care and Use Committees at the Shanghai Research Center for Model Organisms and the Renji Hospital of Shanghai Jiao Tong University Medical School.
Bioinformatics analysis. Gene Set Enrichment Analysis (GSEA) is a method to analyze and interpret microarray and similar data using biological knowledge. (18) In our study, the GEO dataset of CRC was analyzed using GSEA2-2.2.2 (Broad Institute, Harvard, MA, USA). The gene sets showing a false discovery rate of 0.25, a well-established cut-off for the identification of biologically relevant genes, were considered enriched between the classes under comparison. The "c2.all.v5.0.symbols.gmt" from the Molecular Signatures Database (http://www.broad.mit.edu/gsea/msigdb/index.jsp) were used to run GSEA and 1000 permutations were used to calculate the P-value; the "permutation type" was set to "gene set". All other parameters were set to default, except that the gene set should represent at least 15 genes.
Statistical analysis. Data are presented as the mean AE SD. All statistical analyses were carried out using SPSS 17 for Windows (SPSS, Chicago, IL, USA). Graphical representations were generated using GraphPad Prism 5 software (GraphPad, San Diego, CA, USA). Comparisons were undertaken using Student's t-test, and v 2 -tests were used to assess the correlation between clinicopathologic parameters and Asap3 expression for CRC patients. The survival curves were assessed using the Kaplan-Meier method and a significant difference between two groups was evaluated using a log-rank test. Receiver operating characteristic analysis was used to calculate the sensitivity and specificity of ASAP3 as a diagnostic biomarker. P-values < 0.05 were considered significant.
Additional materials and methods are detailed in Data S1.
Results
Upregulation of ASAP3 is associated with CRC and poor outcome. To test whether ASAP3 expression correlates with CRC prognosis, multiple microarray datasets of CRC from TCGA were analyzed, and we found that the ASAP3 expression level was significantly higher in CRC tissues than in normal tissues (Fig. 1a) . Furthermore, we compared ASAP3 expression between paired colorectal cancer and normal tissues experimentally. Real-time PCR data and immunohistochemical (IHC) staining (n = 90) showed that ASAP3 mRNA and protein expression were significantly increased in CRC tissues compared with adjacent normal tissues ( Fig. 1b-d ). We further investigated the association between ASAP3 expression levels and different clinicopathologic parameters of CRC. When the patients were stratified according to ASAP3 expression levels, significantly larger tumor size was found in the high ASAP3 group (P < 0.001), and expression of ASAP3 was correlated with lymph node metastasis (P = 0.002) and American Joint Committee on Cancer (AJCC) stage (P < 0.001, Table 1 ). In the univariate Cox regression analysis, high expression of ASAP3 in CRC was associated with cancer-related death (hazard ratio, 3.089; 95% confidence interval, 1.439-6.632; P = 0.004) (Table S2) . Multivariate Cox regression analysis indicated that tumor size, but not high expression of ASAP3, was considered an independent prognostic factor for CRC patients (Table S3 ). Our analysis showed that the high ASAP3 group had an unfavorable prognosis compared with the ASAP3 low group (P = 0.0022; Fig. 1e ). Both the stratification by ASAP3 level and the widely used AJCC staging system (P < 0.0001; Fig. S1 ) showed high prognostic significance. Receiver operating characteristic curves were used to evaluate the sensitivity and specificity of the survival prediction based on the ASAP3 IHC intensity and AJCC stages (Fig. 1f) . The area under the curve for the ASAP3-based prediction was 0.653, whereas the AJCC-based prediction was 0.702. However, combining both indexes further improved the survival prediction (area under the curve = 0.747). Taken together, these results suggested that ASAP3 might be involved in CRC. ASAP3 promotes the proliferation of CRC cells. To explore the effect of ASAP3 on CRC tumorigenesis, we first investigated ASAP3 expression in CRC cell lines by real-time PCR (Fig. 2a) and Western blot analysis (Fig. 2b,c) . Both RKO and SW480 cell lines showed a higher expression of ASAP3, whereas SW1116 showed a lower level. Second, specific siRNAs were used to knockdown ASAP3 expression in RKO and SW480 cell lines. The cell counting kit-based viability assay detected a significant decrease in the proliferation of RKO and SW480 cells after inhibition of ASAP3 (Fig. 2d,e) . However, cDNA-mediated ectopic expression of ASAP3 increased the proliferation rate of SW1116 cells dramatically (Fig. 2f) .
Furthermore, to probe how ASAP3 affects proliferation, a flow cytometry assay was applied to examine the effects of ASAP3 on CRC cell-cycle progression and apoptosis. As illustrated in Figure 2 (g,h), suppression of ASAP3 significantly blocked the cell cycle at the G 1 /S phase transition, concomitant with an increase in G 1 phase. However, phycoerythrinconjugated annexin V staining revealed no alteration in cell apoptosis in RKO or SW480 cells after changes in ASAP3 levels (data not shown). These results show that ASAP3 inhibits cell cycle progression, which is consistent with the observation that ASAP3 expression correlates with tumor size.
ASAP3 promotes migration and invasion of colon cancer cells.
To determine whether ASAP3 plays a role on CRC cell invasion and migration, wound-healing and Transwell assays were carried out. The wound-healing assay, reflecting the migration ability of cells, showed significantly decreased migration after suppression of ASAP3 in RKO and SW480 cells (Fig. 3) . Consistently, downregulation of ASAP3 in RKO (Fig. 3b ) and SW480 cells (Fig. 3d) revealed a substantial decrease in the number of invasive cells, which was assessed by Transwell migration and invasion assays, suggesting impaired migration and invasion ability for both cell lines. In addition, cDNAmediated overexpression of ASAP3 increased migration, as assessed by the wound-healing assay (Fig. 3e) . The Transwell migration and invasion assays showed that upregulation of ASAP3 increased the migration and invasion of SW1116 cells (Fig. 3f) . These findings suggested that ASAP3 might play a pivotal role in CRC development.
ASAP3 is critical for colon tumorigenesis in vivo. To check whether ASAP3 plays a similar function in colon carcinogenesis in vivo to that determined in vitro, we used a well-established inflammation-driven colon carcinoma model based on AOM plus DSS. In contrast to WT mice, Asap3 KO mice showed markedly decreased tumor size and number (Fig. 4) . Tumors were located mainly in the middle to distal colon. During the experiment, we discovered that Asap3 +/+ mice suffered frequently from colitis, with bloody stools. Consistent with this, the Asap3 +/+ mice showed more bodyweight loss and colon shortening compared with the Asap3 KO mice (Fig. 4b,  d ). The colonic tumors in the Asap3 +/+ mice had a higher degree of inflammatory cell infiltration (Fig. 4f) , which agreed with a report that the severity of colitis correlates with increased tumor incidence. (19) Thus, Asap3 KO decreased tumor incidence. Survival analysis revealed that Asap3 KO mice had a longer overall survival time than WT mice (Fig. 4e) . Immunohistochemical staining of colon tissue indicated that there was almost no expression of ASAP3 in the KO mice (Fig. 4g) . Immunohistochemical staining showed a significant decrease of cell proliferation markers, including Ki67, in the KO mice (Fig. 4h) . Thus, ASAP3 promotes growth of inflammation-driven cancer in mice.
ASAP3 promotes the activation of NF-jB. To investigate the ASAP3-associated pathways that influence tumor progression in CRC, we used GSEA analysis. The results showed that the NF-jB canonical pathway was significantly relevant to ASAP3 (Fig. 5a ). Considering that ASAP3 dramatically influenced tumor incidence, based on the inflammation-driven colon carcinoma mice model, we assessed the effects of changing ASAP3 levels on NF-jB canonical pathway members. We discovered that overexpression of Flag-tagged ASAP3 in SW1116 cells resulted in substantially increased phosphorylation of the NFjB subunit p65 compared with control cells. Accordingly, phosphorylation of the kinases IKKa and IKKb, and the inhibitory cytoplasmic NF-jB chaperone IjBa were improved. Upregulation of ASAP3 also increased the level of NEMO and degradation of IjBa; however, the total levels of IKKa, IKKb and p65 showed no changes (Fig. 5b) . After ASAP3 was reduced in RKO and SW480, the opposite results were obtained. Knockdown of ASAP3 potently inhibited the phosphorylation of p65, IKKa/IKKb, and IjBa. Reduction of ASAP3 decreased NEMO expression and the degradation of IjBa. There was still no alteration in the total levels of IKKa, IKKb, and p65 (Fig. 5c) . Consistent with these findings, the translocation of p65 into the nucleus was enhanced in ASAP3-overexpressing cells compared with controls (Fig. 5d) . The immunofluorescence also revealed that upregulation of ASAP3 increased the nuclear translocation of p65 (Fig. 5e) . Furthermore, we investigated whether ASAP3 also activated the NFjB canonical pathway in vivo. Immunohistochemical staining for p-p65 in the colonic tissue of Asap3 À/À mice revealed a significantly higher decrease of phosphorylated p65 than in Asap3 +/+ mice (Fig. 5f) ; however, there was no difference in total p65 among them (Fig. 5g) . The IHC staining also showed a reduced expression of NEMO in the KO mice (Fig. 5h ).
ASAP3 interacts with NEMO and could reduce the polyubiquitinylation of NEMO. ASAP3 was observed to alter the expression of NEMO, therefore, we further investigated the interaction between ASAP3 and NEMO. According to the information provided by the UniProt website (http://www.uniprot.org), we constructed mutant NEMO with truncations of amino acids (a.a.) 44-111, a.a. 150-257, a.a. 242-350, and a.a. 251-419. SW1116 cells were transfected with Flag-tagged ASAP3 and WT HAtagged NEMO or mutant NEMO. Co-immunoprecipitation assays revealed that the NEMO interacted with ASAP3 through the region of a.a. 44-111 (Fig. 6a) . We also constructed ASAP3 mutants with deletion of the BAR, PH, or ArfGAP domains. Unfortunately, we failed to construct an ASAP3 mutant with deleted ANK domain. The ASAP3 mutants lacking BAR, PH, or ArfGAP domain did not affect the interaction between ASAP3 and NEMO. Interestingly, we found that ASAP3 could regulate NEMO protein expression, whereas the mRNA expression level of NEMO remained essentially unchanged after suppression or enhancement of ASAP3 expression. Enhanced ASAP3 decreased NEMO polyubiquitination in SW1116 cells (Fig. 6b) , whereas ASAP3 KO cells increased the polyubiquitination of NEMO (Fig. 6c) , indicating that the ubiquitinated form of NEMO might be required for ASAP3-mediated NEMO alteration. In addition, treatment with MG132, a proteasome inhibitor, partly restored the NEMO protein levels that were reduced by treatment with the ASAP3 siRNA (Fig. 6d) , suggesting that ASAP3 might affect the proteasome-dependent degradation of polyubiquitinated NEMO.
ASAP3 regulates the NF-jB downstream genes related to cell cycle and metastasis. To elucidate how ASAP3 affects CRC tumorigenesis and metastasis, bioinformatics analyses were used to identify gene sets related to the cell cycle and metastasis that were positively correlated with ASAP3 upregulation in CRC tissues (Fig. 7) . Real-time PCR and Western blot analysis results showed the levels of cyclin D1, CDK4, and CDK6 decreased after knockdown ASAP3 in RKO and SW480 cells (Fig. 7b,c) , which was consistent with G 1 phase arrest after knockdown of ASAP3. We then checked the expression of genes that are critical to promote metastasis in the NF-jB pathway. Consistently, knockdown of ASAP3 contributed to increase the expression of E-cadherin and depress the expression of mesenchymal markers (N-cadherin, SNAIL, and TWIST) in RKO and SW480 cells (Fig. 7e,f) . Upregulated ASAP3 expression had the opposite effects (Fig. 7g) . These results revealed that ASAP3 could increase NF-jB downstream genes related to cell cycle and metastasis.
ASAP3 might act as an oncogene in CRC through the NF-jB pathway. In order to investigate whether ASAP3 regulates cell proliferation and metastasis through the NF-jB pathway, SW1116 cells were treated with andrographolide after transfection with expression plasmids for ASAP3. Andrographolide, an NF-jB inhibitor, can reduce the phosphorylation of p65. (20) Treatment with andrographolide inhibited the increases of cyclin D1, CDK4, and CDK6 that were induced by overexpression of ASAP3 in SW1116 cells (Fig. 8a) . Similarly, andrographolide also decreased the expression of genes that promoted cell metastasis (Fig. 8b) . The activation of NF- jB contributed to ASAP3-associated cell proliferation and metastasis in CRC. ASAP3 might act as an oncogene in CRC through the NF-jB pathway (Fig. 8c) .
Discussion
Previous research has indicated the expression of ASAP3 in multiple tumors. (16, 21) However, the biological function and clinical implication of ASAP3 in CRC remain poorly understood. Our present study revealed a possible functional role for ASAP3 in colon tumorigenesis.
We discovered that ASAP3 was amplified in CRC tissues compared with adjacent normal tissues, and upregulation of ASAP3 was associated with poor prognosis of patients with CRC. The results were consistent with a previous study that found that increased ASAP3 contributes to poor clinical outcomes in patients with non-small-cell lung cancer and hepatocellular cancer. (16) Moreover, higher ASAP3 significantly enhanced tumor volume and lymph node metastasis, which suggested that ASAP3 might be a promising marker for the diagnosis and prognosis of patients with CRC.
Bioinformatics analysis revealed that the canonical NF-jB, cell cycle, and metastasis pathways were positively associated with alterations of ASAP3 in CRC. We confirmed this analysis using in vivo and in vitro experiments. ASAP3 increased the phosphorylation of p65 and facilitated p65 translocation into the nucleus through the canonical pathway, without altering the total levels of p65. Previous studies noted that ASAP3 maintained the amount of GTP-bound "active" ARF6 through GTP hydrolysis. (13, 22) ARF6 functions effectively in the ERK and P38MAPK pathways; (23, 24) however, we detected no significant change in the MAPK pathway (Fig. S2) . The IHC staining of colon tissue showed decreased phosphorylation of NF-jB in Asap3 KO mice but no difference in total NF-jB (Fig. 5g) . Nuclear factor-jB was shown to be constitutively active in both colon cancer cell lines and colorectal tissues. (25, 26) The canonical IKK/NF-jB activation pathway is indispensable for colonic tumor development. (27, 28) The mechanism of NF-jB involvement in oncogenesis is the promotion of cell proliferation and suppression of apoptosis, in which NF-jB promotes cyclin D1 transcription. (29, 30) Depletion of ASAP3 markedly inhibited growth in cultured cells through decreases in cyclin D1 and CDK4/6, which induced G 1 phase arrest. However, ASAP3 had no effect on apoptosis in CRC. The AOM/DSS colon tumor model was used to verify the function of ASAP3, and we found that ASAP3 KO dramatically decreased tumorigenesis. A previous study also showed that ASAP3 contributed to cell proliferation. (31) Nuclear factor-jB also plays a pivotal role in tumor metastasis and induces epithelial-mesenchymal transition through activation of transcription factors, such as TWIST and SNAIL. (32, 33) We also detected that ASAP3 promoted invasion and migration in vitro. Upregulation of ASAP3 decreased Ecadherin and increased mesenchymal markers (N-cadherin, SNAIL, and TWIST), whereas ASAP3 knockdown had the reverse effect. However, no distinct difference in invasion or migration was found between the WT and Asap3
À/À
, as the AOM-DSS model is seldom invasive. (19) Previous research showed that ASAP3 mediates invasion through control of molecular plasticity and plasma membrane dynamics, and that the ARF6-GTPase cycle is also required for the invasive potential. (14, 15, 34) However, we showed that ASAP3 could promote invasion and migration through modulation of the expressions of NF-jB downstream genes. The treatment with andrographolide suggested that the activation of NF-jB contributed to ASAP3-associated cell proliferation and metastasis in colorectal cancer.
A diffuse cytoplasmic distribution of ASAP3 was evident in cultured cells evaluated by immunofluorescence. In vitro and in vivo experiments showed that ASAP3 could change the expression of NEMO. Co-immunoprecipitation analysis also revealed that NEMO bound to ASAP3 through the region of a.a 44-111; however, we did not identify the region by which ASAP3 interact with NEMO. ASAP3 reduced the polyubiquitylation of NEMO and might participate in the proteasomedependent degradation of polyubiquitinated NEMO. It was reported that NEMO can regulate NF-jB activation by binding to Lys63-linked polyubiquitin chains or linear polyubiquitin chains. (35) (36) (37) Moreover, Lys27-mediated polyubiquitylation of NEMO is critical for activation of NF-jB. (38) (39) (40) Conjugated to K27-linked ubiquitin, NEMO can promote degradation of NEMO and interfere with the activation of NF-jB. However, further study is needed to illustrate how ASAP3 binds to NEMO and how ASAP3 affects the polyubiquitylation of NEMO.
In conclusion, our results showed that ASAP3 plays a pivotal role in colonic carcinogenesis, and it might be a potential prognostic marker and therapeutic target in CRC. (e-g) Suppression of ASAP3 inhibited NF-jB pathway downstream genes, which contributed to invasion and migration in RKO (e) and SW480 cells (f). Enhanced ASAP3 had the opposite effect in SW1116 cells (g). **P < 0.01; ***P < 0.001. ACTB, b-actin; FDR, false discovery rate; NES, normalized enrichment score. Original Article www.wileyonlinelibrary.com/journal/cas Tian et al.
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